Hyaluronan is an important connective tissue glycosaminoglycan. Elevated hyaluronan biosynthesis is a common feature during tissue remodeling under both physiological and pathological conditions. Through its interactions with hyaladherins, hyaluronan affects several cellular functions such as cell migration and differentiation. The activities of hyaluronan-synthesizing and -degrading enzymes have been shown to be regulated in response to growth factors. During tumor progression hyaluronan stimulates tumor cell growth and invasiveness. Thus, elucidation of the molecular mechanisms which regulate the activities of hyaluronan-synthesizing and -degrading enzymes during tumor progression is highly desired.
Introduction
Hyaluronan (hyaluronic acid) is a linear glycosaminoglycan composed, on average, of 10,000 disaccharide units of glucuronic acid and N-acetylglucosamine, with a molecular weight of 1-5 x 10 6 . It belongs to the family of mucopolysaccharides that also includes heparin, chondroitin sulfate, keratan sulfate and dermatan sulfate. Hyaluronan was first described in 1934 (1) , but the hyaluronan-synthesizing and -catabolizing enzymes, as well as the cell surface interacting molecules, were identified as late as in the 1990s. Hyaluronan is found in all vertebrate tissues and on the surface of certain Streptococcus and Pasteurella bacterial pathogens. Despite its simple structure, hyaluronan is involved in several biological events; it influences the hydration and physical properties of tissues and is important in the organization of pericellular and extracellular matrices through its interactions with other extracellular macromolecules such as aggrecan and versican. Furthermore, hyaluronan affects cell behavior, e.g., migration, proliferation and differentiation, via binding to specific cell surface receptors such as CD44. Absence of the CD44 gene virtually prevents osteosarcoma progression (2) .
Alterations in the amount of hyaluronan have been documented in several diseases such as rheumatoid arthritis, inflammatory and vascular diseases, as well as cancer (3) . This review will focus on the importance of hyaluronan for tumor cell proliferation and invasion.
Hyaluronan-synthesizing and -degrading enzymes
To be able to understand the roles of hyaluronan in tumor progression, increased knowledge about the mechanisms that regulate the enzymatic activities of hyaluronansynthesizing and -degrading enzymes is re-P. Heldin quired. The metabolism of hyaluronan in the mammalian body is rapid compared to other extracellular matrix components; for example, in the epidermis the half-life of hyaluronan is less than one day (4). The cells devote much energy to the synthesis of hyaluronan molecules consisting of thousands of sugars; therefore the metabolism of hyaluronan is carefully regulated in a tissuespecific manner.
The mammalian hyaluronan-synthesizing (Has) enzymes were cloned and characterized in 1996. The first Has gene cloned was from the Streptococcus pyogenes group A bacteria in 1993 using transposon mutagenesis with Tn916. Mutant cells in which the insertion of the transposon element disrupted the locus of hyaluronan synthesis were selected by visual screening of small dry colonies versus large mucoid colonies (5-7). The availability of the bacterial Has sequence led to the identification of the eukaryotic hyaluronan synthases, termed Has1, Has2, and Has3 (8) (9) (10) (11) . The mammalian hyaluronan synthase isoforms share 55-71% amino acid sequence similarity, whereas human and mouse homologous isoforms share about 97% similarity. Based on the sequence, the Has isoforms encode plasma membrane proteins with seven membraneassociated regions and a central cytoplasmatic domain which possesses consensus sequences for phosphorylation by protein kinase C (PKC; reviewed in Ref. 12 ). More recently a viral Has was discovered in the genome of the chlorella virus 1 which infects chlorella-like algae in fresh water worldwide. Using the transposon mutagenesis approach, another bacterial Has has also been identified from Gram-negative Pasteurella multocida bacteria which, importantly, is about twice as large as the other Has isoforms (reviewed in Ref. 13 ). The evolution of the vertebrate Has family involved gene duplication and divergence. The ancestral Has in animals was duplicated to form the Has1 and Has2 lineages. A subsequent pair of duplication events resulted in the formation of Has1 and a Has-related homologue, as well as in the formation of Has2 and Has3.
Mice deficient in Has1 or Has3 activity are viable, whereas mice deficient in Has2 activity have severe developmental problems such as cardiac defects. Thus, Has2 activity is required for embryonic development (14) . In all vertebrates so far studied three Has isoforms have been found and are located on different chromosomes (12) . The distinct expression patterns of the Has isoforms during embryogenesis and adulthood suggest different functional roles (15, 16) . As a tool for a more direct assessment of possible differences in the enzymatic properties of each Has isoform, our group and others have overexpressed Has genes in Chinese hamster ovary cells, COS-1 cells or rat 3Y1 fibroblasts (17, 18) . These studies demonstrated that each of the three Has isoforms is capable of hyaluronan polymerization; however, they exhibit different catalytic rates for hyaluronan synthesis and produce hyaluronans of different size. In addition, the studies indicated that different cytoplasmic proteins interact specifically with each Has protein, and may have accessory or regulatory roles in hyaluronan biosynthesis (17) .
The enzymes involved in hyaluronan degradation, hyaluronidases, exist in several isoforms (Hyal1, 2, 3 and PH-20) sharing about 40% similarity. They are located on human chromosomes 3p21.3 and 7q31.3. Hyal1 and Hyal2 are found in most tissues and body fluids and are believed to act in a concerted manner to degrade hyaluronan. Very little is known about Hyal3 which is found in testis and bone marrow. PH-20, the sperm-associated hyaluronidase, is expressed in testis and has a role in fertilization (19) . All known hyaluronidases are active at acidic pH, consistent with a lysosomal location, except PH-20 which also exhibits activity at neutral pH. For example, Hyal1, although found predominately in the circulation and urine, is active only at acidic pH. Furthermore, in vitro, higher Hyal activities are found in media than in cell lysates (20) . It remains to be elucidated whether hyaluronidases are lysosomal and/or secreted into the extracellular matrix. In addition to their role in hyaluronan degradation, hyaluronidases may also play key roles in differentiation events; tumor cells exhibiting hyaluronidase activity induce angiogenesis of the cornea of mice (21) , and more recently we have shown that PH-20-like hyaluronidase promotes differentiation of capillary endothelial cells grown on collagen gel in a CD44-dependent manner (22) . The rapid turnover of hyaluronan, which varies considerably among different tissues in the human body, raises many questions concerning the control mechanisms that modulate the expression levels and activities of hyaluronidases.
Growth factor regulation of hyaluronan metabolism
Increased levels of hyaluronan have been detected in several human cancers (for a review, see Ref. 23 ) and therefore we have investigated the molecular mechanisms involved in the perturbation of hyaluronan synthesis and catabolism. We have studied the regulation of Has and hyaluronidase gene expression in response to growth factors released during tumor progression. We first investigated the effects of various growth factors on the synthesis of hyaluronan in sparse and dense fibroblast cultures. Platelet-derived growth factor (PDGF-BB) had a potent stimulatory effect on hyaluronan synthesis whereas PDGF-AA was less active, suggesting that the stimulatory effect of PDGF-BB on hyaluronan synthesis is mainly mediated by its ß-receptor. No correlation with the mitogenic effects of the growth factors was found since epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF), which are as potent mitogens as PDGF-BB, had much weaker effects than PDGF-BB on hyaluronan synthesis, and since tumor growth factor beta (TGF-ß), which inhibits cell growth, stimulated hyaluronan synthesis (24) . Studies by other groups also showed a growth factor-dependent stimulation of hyaluronan synthesis in cells of mesenchymal origin (25, 26) . The effects of the external stimuli studied on hyaluronan synthesis were mediated partly by activation of PKC and protein kinase A (27, 28) . Further studies on the growth factor-dependent regulation of hyaluronan synthesis revealed that among the three Has isoforms, Has2 is most markedly up-regulated or suppressed in response to external stimuli in cultures of normal human mesothelial cells (16) .
Notably, the growth factor regulation of hyaluronan synthesis also affected the microenvironment between the cells and the extracellular matrix. PDGF-BB and EGF, but not TGF-ß, stimulated the formation of a pericellular matrix around mesothelial cells (29) . However, hyaluronan synthesis and pericellular matrix formation in chick embryo limb mesodermal cells were induced by bFGF and TGF-ß, but not by PDGF or EGF (30) . Thus, growth factors appear to have different regulatory roles in hyaluronan synthesis and assembly in various cell types.
Very little is known about the mechanisms that regulate the activities of hyaluronidases in diseases. Studies from our laboratory using an experimental rat model of irradiation-induced lung fibrosis revealed that hyaluronidases initially induce Has activation which results in the formation of hyaluronan oligosaccharides, most likely capable of promoting the fibroproliferative response. Furthermore, the data revealed that although TGF-ß, PDGF-BB and the PKCactivating tumor promoter PMA are powerful stimulators of Has activities, they exhibited differential effects on hyaluronidase activity; TGF-ß strongly inhibited hyaluronidase activities present in cell culture media, whereas PDGF-BB and PMA had no effect on hyaluronidase activities present both in media and cell fractions, as compared to P. Heldin nonstimulated cells (20) . Members of the inter-α-inhibitor family have also been shown to inhibit serum hyaluronidase activity (31) .
The importance of hyaluronan in tumor invasion
Several tumor types, both epithelial and connective tissue tumors, are often enriched in hyaluronan. Human mesotheliomas, nephroblastomas and, to a somewhat lesser extent, breast carcinomas, are considered to have the highest enrichment in hyaluronan. The mean level of hyaluronan in the serum of a middle-aged healthy person is about 40 µg/ml. Hyaluronan levels in serum increase in various diseases, and levels above 250 µg/ ml indicate progressive disease and can be of diagnostic value. In most tumors an increase in the proportion of hyaluronan over other glycosaminoglycans is commonly seen. Most of the hyaluronan is found within the tumorassociated stromal tissue at concentrations up to 0.1% of the wet weight (32) . It should also be considered that elevation of the amounts of hyaluronan in tumors in vivo may not result exclusively from increased hyaluronan synthesis. Rather, increased cellularity or decreased hyaluronidase activity may give rise to higher hyaluronan levels. Alternatively, local clearance of hyaluronan or clearance via the lymphatic tissue may be impaired in advanced tumors. However, increased hyaluronan deposition is also found during embryonic development, wound healing and regeneration. This suggests that the accumulation of hyaluronan is a common feature during tissue reconstruction. It is possible that hyaluronan, as a consequence of its physicochemical properties, creates permeable matrices within which cells can easily change shape and migrate. The function of hyaluronan accumulation in tumor tissues remains to be determined.
Immunohistochemical staining of tumor tissues for hyaluronan using a hyaluronanbinding protein isolated from bovine cartilage proteoglycan followed by biotinylation (33) has indicated that most human solid tumors have increased amounts of hyaluronan in the stromal tissue. However, in vitro studies of tumor cell lines have revealed that not all tumor cells synthesize hyaluronan by themselves. Whereas some tumor cells such as fibrosarcoma (34) and glioma (35) produce large amounts of hyaluronan, others, such as mesothelioma and lung carcinoma cell lines, do not synthesize hyaluronan; rather these tumors secrete factors that stimulate hyaluronan synthesis by normal connective tissue cells such as mesothelial cells and fibroblasts (36, 37) . Co-culture of fibroblasts and tumor cells also leads to stimulation of hyaluronan synthesis. Thus, most likely the host connective tissue responds to the presence of actively proliferating and migrating tumor cells.
To further explore how hyaluronan synthesized by the host connective tissue cells affects tumor invasion, we attempted to characterize its relationship to the aggressiveness of mesothelioma. We investigated the functional significance of the immediate microenvironment around mesothelial cells which is composed of hyaluronan-containing pericellular matrices that are formed in vitro in at least two different ways. One type of coat is anchored to the cell surface via hyaluronan receptors; such coats are seen around chondrocytes and their structure can be disassembled by hexasaccharides (38) . The other type of coat consists of newly synthesized hyaluronan, still attached to the membrane-associated hyaluronan synthase, which is extruded into the extracellular space (29) . The assembly of the latter type of coats requires serum proteins and growth factors such as PDGF-BB and EGF, and its structure differs from that found around chondrocytes in cartilage (29, 39) . Conditioned media of mesothelioma cells possessing PDGF-and EGF-like activities induced the synthesis of hyaluronan by mesothelial cells (36) and promoted the formation of hyaluronan-con-taining pericellular matrices around mesothelial cells (40) . It is also possible that during tumor invasion the host immune system may also play a role in the assembly of pericellular matrices through induction of hyaluronan synthesis by tumor-adjacent fibroblasts by secretion of inflammatory cytokines (41) . Thus, these types of pericellular matrices may assemble and function as a protective shield around connective cells in the stromal tissue, in vivo, as a response to the release of both matrix components and growth factors by tumor cells ( Figure 1A ).
Several recent studies have shown that hyaluronan overexpression by various tumor cells after transfection of tumor cells with different Has isoforms enhances their malignant phenotype (42) (43) (44) (45) . In one of our experimental models we have investigated the effect of hyaluronan production on the malignant properties of mesothelioma cells.
About 70% of malignant pleura mesothelioma cases are associated with elevated amounts of hyaluronan which have been directly correlated with tumor burden. However, our in vitro studies revealed that not all mesothelioma cells obtained from various patients produce hyaluronan (36) . In an effort to explore the relation between hyaluronan-producing mesotheliomas and their aggressiveness, we have compared the biological properties of the non-hyaluronan-producing mesothelioma cell line Mero-25 with those of the same cells made to produce hyaluronan by transfection with Has2 cDNA. Our data revealed that hyaluronan-producing mesotheliomas are more aggressive and invasive than the non-hyaluronan-producing mesotheliomas (44) . A possible explanation could be that hyaluronan-synthesizing tumor cells are surrounded by protective pericellular matrices which may help tumor cells evade cellular immune attack, as has been shown for glioma cells (46) (Figure  1B ). Another possibility is that the hyaluronan synthesized by tumor cells contributes to the expansion of extracellular matrix and thereby facilitates tumor cell migration.
Recently, several contradictory findings on the functional significance of hyaluronidases in terms of tumor development have been published. In some of the studies hyaluronidase expression and activity was detected in metastatic human melanoma, glioblastoma and colon carcinoma, whereas in other studies hyaluronidase activity suppressed tumor development (47, 48) . Based on the knowledge that Has overexpression increases tumorigenicity in the systems studied whereas Hyal overexpression increases tumor development in some experimental models and suppresses it in others, we decided to investigate the impact of Hyal1 and Has2 expression in a colon carcinoma model both in vitro and in vivo. These studies revealed that Has2 overexpression promotes tumorigenicity, whereas Hyal1 overexpression delays tumor development in a colon carcinoma model (49) . It would therefore be interesting to study the mechanisms that regulate the activities of hyaluronan-synthesizing and -degrading enzymes during tumor progression in different tissues and organs. 
Future perspectives
The cloning and characterization of eukaryotic hyaluronan-synthesizing and -degrading enzymes, as well as hyaluronan receptors, were major breakthroughs in hyaluronan research. These reagents will make it possible to raise monoclonal antibodies and construct probes suitable for immunohistochemistry and in situ hybridization, respectively, which can be used to increase our understanding of their roles in normal and pathological situations. For example, it will be interesting to further elucidate the roles of hyaluronan in pericellular coats and in matrices and its interactions with other molecules. Such studies should shed light on the hyaluronan-induced enhancement of tumor invasion.
